The paper describes the sequence of breeding stages that led to the development of acceptable quality protein maize (QPM) germplasm at the Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT). Initial emphasis was on the development of soft opaque-2 (o2) maize varieties, but these had undesirable consumer characteristics, among other problems. Research then shifted to the development of hard-textured QPM germplasm. Several breeding approaches were explored and tested in early 1970. The combined use of two genetic systems involving the o2 gene and the genetic modifiers of the o2 locus appeared to be the most promising approach. This strategy first involved the development of donor stocks from which a large volume of QPM germplasm was generated through a modified backcross programme and various recurrent selection procedures. Later merging and reorganization of QPM germplasm was undertaken, which resulted in a definite number of QPM populations and pools to meet germplasm needs for various agroclimatic conditions. This was a turning point in the breeding strategy that permitted work with homozygous o2 genetic backgrounds. In the mid-1980s, a hybrid development initiative was started. Basic information on combining ability and heterotic pattern(s) of QPM germplasm was generated. Later emphasis was shifted to development efforts for inbred and hybrid QPM. Several superior QPM germplasm products are now spreading commercially in several developing countries of Asia, Central and South America, and Africa
Introduction
Maize is one of the world's three primary cereal crops. It occupies an important position in world economy and trade as a food, feed, and industrial grain crop.* Several million people in the developing world consume maize as an important staple food and derive their protein and energy requirements from it. Maize is thus an important source of protein for humans and animals. The poor nutritional value of maize grain is well known, and the need to improve it has been recognized for a long time [1] . Most of the protein in a mature maize kernel is contained in the endosperm and the germ. The endosperm protein is low in quality, in contrast with the germ protein, which is superior in quality. However, because the endosperm constitutes the bulk of the grain, contributing as much as 80% of the total kernel protein, any major improvements for quality protein must target the endosperm.
In normal maize, the average proportions of endosperm fractions are 3% for albumins, 3% for globulins, 60% for zein, and 34% for glutelin. All fractions other than zein are balanced and quite rich in lysine and tryptophan. The zein fraction is completely devoid of two important essential amino acids, lysine and tryptophan. The high proportion of this particular fraction, then, is the primary cause of poor protein quality in maize. A reduction in the zein fraction thus results in a proportional elevation of other fractions rich in lysine and an elevation of these two amino acids in protein, but not on an absolute basis of per unit of endosperm in the grain.
Serious efforts to improve the nutritional quality of maize endosperm protein began in the mid-1960s. Prior to this, efforts were limited to screening elite maize germplasm and accessions to identify genotypes superior for this trait. In the absence of specific gene(s) associated with improved protein, recurrent selection
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Development of quality protein mutants: The fi rst step in the genetic manipulation of nutritionally improved maize
The discovery in the early 1960s by Purdue University researchers of the biochemical effects of two mutant alleles, opaque-2 (o2) and floury-2 (fl2), opened exciting opportunities for improving the quality of maize endosperm protein [2, 3] . These mutants alter the amino acid profile and composition of maize endosperm protein, which results in a twofold increase in the levels of lysine and tryptophan. The mutants derive their name from soft, floury opaque endosperm. In addition, other amino acids, such as histidine, arginine, aspartic acid, and glycine, are also increased. A decline is observed in other amino acids, such as glutamic acid, alanine, and leucine. A decrease in leucine is considered desirable because it makes the leucine/isoleucine ratio more balanced, which, in turn, helps to liberate more tryptophan for more niacin biosynthesis, thus helping to combat pellagra. A sulphur-containing amino acid, methionine, is elevated only in the fl2 mutant.
Unfortunately, the mutations adversely affect agronomic performance, including yield, and consumer aspects, particularly kernel characteristics. The lower yield results from reduced accumulation of dry matter. The appearance of the kernel is altered to a soft, chalky phenotype that is unattractive to maize growers in the developing countries. Physiological drying is also affected. A higher vulnerability to ear rot is observed, resulting in high pest and infestation rates in stored grain.
Nevertheless, sufficient genotypic variation is present to combine such traits as pericarp thickness, larger germ size, reduced cob weight, seed colour intensity, and kernel weight and density with quality protein using conventional breeding techniques [4, 5] .
A continuing search for new and better mutants has been under way during the past several decades. In addition to o2 and fl2, other mutants have been discovered, such as opaque-7 (o7), opaque-6 (o6), floury-3 (fl3), mucronate, and defective endosperm. Unfortunately these mutants offer no additional advantages over the o2 gene in practical maize-breeding programmes. Several mutants have been used in experiments at the Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT), but the main focus in developing quality protein maize (QPM) germplasm has been an intensive use of the o2 gene.
In the initial stages, both the o2 and the fl2 genes were used singly or in combination with each other. Later some undesirable effects of the fl2 gene were discovered. Eventually its use was discontinued. For a decade, the major emphasis in most breeding programmes involved crossing mutant lines with standard improved genotypes. Many promising open-pollinated varieties and hybrids were tested in farmers' fields. However, by the mid-1970s discouragement set in because of the lack of competitiveness of these varieties due to undesirable consumer characteristics and somewhat lower yields than the most profitable releases available. Funding declined. Many institutions either abandoned or drastically reduced their research in this area. The institutions that continued vigorously and persistently to improve the protein quality were the Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT), the University of Natal, South Africa, and the Crow's Hybrid Seed Company in Milford, Illinois, USA. All three centres were eventually quite successful in developing products with good agronomic performance and market acceptability, as described below.
Redirection of breeding efforts
As problems plaguing the original soft o2 materials became obvious and with no definite solution or particular strategy in sight at that time, many breeders and researchers found themselves in a state of dilemma and confusion. Pertinent options and breeding strategies needed to be identified to develop QPM germplasm that was competitive in agronomic performance and free of problems considered important for its acceptance. The options fell into two broad categories: abandoning the use of mutant genes altogether and continued experimentation with mutant genes. The former group included recurrent selection for improved protein quality, altering the germ/endosperm ratio, and increasing the aleurone layers of the maize grain. All three of these approaches have been tried and require long-term efforts to achieve lysine levels matching the specific mutants, which give a significant boost in lysine content.
In the latter group, one approach exploits double mutant combination(s). A second approach uses two genetic systems involving the o2 gene and the genetic modifiers of the o2 locus. The double mutant combination involving interaction of o2 and sugary-2 (su2) has some advantages, such as vitreous kernels, acceptable kernel appearance, less ear rot, increased lysine levels, and better digestibility of protein. However, a significant disadvantage is the low yield, which is the sum total of independent negative effects of the two genes. A double mutant combination of o2 and fl2 also has been researched but not pursued further, because modified vitreous kernels are encountered in only a few genetic backgrounds. The most successful and rewarding option has involved the combined use of o2 and the genetic modifiers of the o2 locus.
The approach practised by CIMMYT researchers emphasized the development of market-competitive QPM genotypes with quality protein as a bonus. To achieve this goal, a conservative approach was used initially with respect to biochemical characteristics. Since the o2 gene boosts lysine levels by twofold, efforts were devoted to maintenance rather than further enhancing the levels of lysine at protein levels of 9% to 10% in the whole grain. This greatly facilitated breeding agronomically superior QPM genotypes while focusing on critical and key consumer characteristic problems.
During the first decade of breeding, partially modified kernels had been observed by researchers at CIMMYT and elsewhere. Initially the significance of such kernels was not completely understood. In most instances, the breeders tended to discard them. The first published report highlighting the importance of such kernels appeared in 1969 [6] . Separation of such kernels when encountered began at CIMMYT as early as 1969 by Dr. John Lonnquist and Dr. V. L. Asnani. Modified kernels were classified in different categories and analysed for degree of modification of biochemical characteristics. Modified ears were sorted from every possible source as they appeared during the conversion programmes and during the process of seed increase of o2 maize materials. As expected, the modification was exceedingly poor, ranging from slight to less than 25%. Such kernels were encountered in different frequencies from different genetic backgrounds. Caribbean, Cuban, and flint backgrounds in general tended to exhibit a higher frequency of modified kernels. As luck would have it, a few o2 converted populations and population crosses were identified that had unusually high frequencies of modified kernels. Our hopes and enthusiasm from this point onwards rose. Increasing resources were allocated to developing QPM germplasm.
Development of QPM donor stocks
The next step in the breeding process was the development of QPM donor stocks with modified kernel phenotype and good protein quality. This also turned out to be a time-consuming and tedious process.
Two basic approaches were used in developing QPM donor stocks. The first approach was intrapopulation selection for genetic modifiers in o2 backgrounds that exhibited a higher frequency of modified o2 kernels. Four tropical populations and one highland population that met these criteria were chosen for this purpose. The breeding procedure used was controlled full-sib pollinations in the initial cycle, followed by a modified ear-to-row system suggested by Lonnquist [7] . Selection was practised for modified ears and modified kernels at all stages.
The second approach involved recombination of superior hard-endosperm o2 families. The yellow and white families were recombined separately to develop both yellow and white composites. Genetic mixing coupled with selection of modified ears and modified kernels of good protein quality was practised for three to four cycles. By the mid-1970s, it was felt that these materials could be used as QPM donor stocks as well as QPM populations for further improvement.
The development of QPM donor stocks then led to large-scale QPM germplasm development in different genetic backgrounds, representing tropical, subtropical, and highland maize germplasm, involving different maturities as well as grain colour and texture. Because of the complexity and nature of the modified phenotype trait, it was realized from the beginning that a standard backcross programme would not work. An innovative breeding procedure, termed a "modified backcrossing-cum-recurrent selection," was designed to handle the conversion process [8, 9] . A number of advanced maize populations in the CIMMYT maize programme were converted to QPM using this procedure. During the conversion process, emphasis was placed on yield, kernel modification and appearance, reduced incidence of ear rot, and rapid drying.
Success was finally achieved in raising the yields of some QPM lines to those of non-QPM counterparts (table 1). The yield gap has been narrowed, as can be seen in figure 1 . The average kernel modification scores have improved, with concomitant increase in the frequency of kernels with better modification scores.
The incidence of ear rot in QPM materials has been gradually reduced. Several materials are perhaps no different from the normal, but some still show slightly higher incidences. In several studies, normal and QPM counterparts did not differ in moisture content. In preliminary studies carried out in the CIMMYT entomology laboratory, the QPM and normals did not differ in the amount of damage by insect pests of stored grains. During all stages of improvement, protein quality was monitored and maintained. In addition, considerable research effort was devoted to the formation and development of broad-based QPM gene pools. A total of seven tropical and six subtropical QPM gene pools were developed and improved continuously by using a modified half-sib improvement selection system. The progress achieved in these pools is shown in figure 2 . Since most of the QPM gene pools were handled by using non-inbred families, one may expect a low frequency of good lines surviving the inbreeding process. In a period extending over five to six years, a huge volume of QPM germplasm was developed that could meet the needs of several production environments in the tropical and subtropical areas. At this point it was realized that continuing the conversion programme would serve no useful purpose. Rather it was thought to be more advantageous to accelerate progress by switching over to working in homozygous o2 genetic backgrounds. QPM germplasm consolidation and reorganization was considered appropriate at this stage.
New thrusts in QPM germplasm management strategy
Knowledge of the germplasm and considerations of colour and maturity were the principal guiding factors in the merging, consolidation, and reorganization of the QPM germplasm. From the available QPM germplasm, eight tropical and six subtropical QPM gene pools were formed. At the same time, 10 QPM advanced populations were identified. Six of the populations were tropical and four subtropical in adaptation. These populations were considered for international progeny testing trials for further improvement and as a mechanism of disseminating germplasm to the national agricultural research institutes. Handling of QPM materials in homozygous o2 background was emphasized at this point to facilitate faster progress and rapid accumulation of favourable modifiers for kernel modification, weight, and density. Working in homozygous o2 backgrounds had the additional advantage of reducing errors that generally occur due to misclassification and selection of kernels during the segregating generations. Selection in homozygous genetic backgrounds also permits completely modified or normal-looking kernels to be chosen with certainty. The handling of QPM germplasm, both pools and populations and involving different stages, has been discussed in several earlier publications from CIMMYT researchers [10, 11] .
Emphasis on QPM hybrid development
The QPM hybrid initiative at CIMMYT was introduced in 1985. The use of hybrids offered several advantages, including seed purity, monitoring and maintaining protein quality, enhanced modification and added uniformity and stability, enhanced yield potential, circumventing breeding difficulties more efficiently and effectively, greater market acceptability, and spurring the development of the seed industry [12] [13] [14] .* Several hybrid combinations have been tested internationally, and some of them have performed as well as or better than some of the local checks included in the trials (tables 2 and 3). Unfortunately, because of funding constraints, CIMMYT had to drop QPM activities completely beginning in 1993. However, the programme has now been reinstated. During the past three to four years, many more hybrid combinations have been tested again, and the outlook for QPM appears quite promising. 
Renewed emphasis on QPM in some national programmes
In recent years, several countries have shown unusually high interest in promoting and disseminating QPM cultivars to farmers. Mass utilization of the QPM variety, OBTANPA, in Ghana is exemplary. More than 50% of the maize area in the country is planted with this variety. The Brazilian programme has sustained QPM efforts all these years and has commercialized two QPM varieties, BR451 and BR473. A doublecross QPM hybrid was also released in 1997. The programme has greatly strengthened hybrid efforts and may soon be releasing more hybrids. The potential of QPM hybrids in China is tremendous. QPM research is being undertaken in several academies, and the Chinese Government has shown a great commitment to promote QPM hybrids all over the country. In mid-1999 a QPM hybrid, Zhongdan 9407, was formally released in a special ceremony attended by several high-level dignitaries and scientists. In Guizhou Province in southern China, a QPM intervention is being used to alleviate poverty and improve the economic well-being of the farmers.
QPM interest in Mexico has grown with the support and commitment of the Mexican Government to cover a substantial area with QPM hybrids in the next two to three years. A few countries in Central America are ready to release QPM hybrids and to plant several thousand hectares with such materials. India released Shakti-1 last year and is deeply involved in testing hybrids from CIMMYT. Several countries of Asia, Africa, and Latin America are part of a network working on the improvement and promotion of QPMs, including Honduras, Bolivia, Colombia, Ethiopia, Mozambique, Tanzania, Uganda, Zimbabwe, and South Africa. Several of these countries will be testing QPM varieties and hybrids. The Republic of South Africa had earlier released hybrids HL-1 and HL-2, and has recently released HL-8, which has hard endosperm, good yield potential, and tolerance to diseases. The Sasakawa Global 2000 Project has helped to promote QPM in Ghana and is assisting some other countries in Africa in the promotion of QPM.
Conclusions and future outlook
Realizing improvements in the quality of protein in maize through conventional breeding efforts has proved difficult, complex, and frustrating and has required long-term investments, sustained research efforts, patience, and continuing administrative, financial, and scientific support. Success required constant adjustments in research strategy, which had to address complex and interrelated problems of poor agronomic performance and undesirable consumer characteristics in a single but multipronged strategy. The strategy used by CIMMYT researchers in developing QPM has proved to be successful. Practically all QPM research programmes in several countries are now using this approach, based on the combined use of the o2 gene and genetic modifiers. Hybrid development efforts in QPM have become increasingly important, as is evident from recent experience. It is hoped that many countries now involved in the QPM network will be able to select one or two of the most promising hybrids for release in their respective countries. Optimism is especially high in China for the promotion and dissemination of QPM. There may be increasing use of molecular genetic tools in QPM research in the future.
Programmes at the CIMMYT, at Texas A&M University, and in Brazil and South Africa are already using these new tools on a limited scale. The mechanism controlling kernel modification and the role of gamma zein (a storage protein) need to be further elucidated. Better characterization of zein proteins may facilitate and expedite conversion programmes. In the future, more sophisticated techniques may become available that can distinguish modified o2 kernels from normal kernels.
Finally, and perhaps most importantly, there is a pressing need for a series of rigorous studies to determine the benefits of consumption of QPM to human nutrition.
